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Abstract 
We have investigated the photoinactivation a d turnover of the photochemical reaction centre II (RCII) D1 protein in Scenedesmus 
obliquus wt and LF-1 mutant containing an unprocessed precursor D1 protein (pD1) and defective in donor side activity of Photosystem 
II (PS II). Photoinactivation f PS II is considerably faster in the LF-1 mutant as compared to the wt cells. The RCII-DI(pD1) protein in 
photoinactivated cells is irreversibly modified and can be degraded and synthesised in the dark (turnover). Turnover of the D1 protein is 
proportional to the initial degree of photoinactivation. Diuron retards ignificantly the protein degradation i  the photoinactivated cells. 
Wild-type cells photoinactivated in the presence of diuron exhibit a fluorescence induction transient similar to that of the LF-1 mutant. 
Removal of diuron allows rapid turnover of photoinactivated RCII-DI(pD1) in the dark. The protective ffect of diuron is gradually lost 
in photoinactivated cells even when incubated in the dark. Blocking chloroplast translation activity does not prevent DI(pD1) protein 
degradation. We conclude that the irreversible changes induced by photoinactivation f RCII-DI(pD1) protein in vivo are sufficient o 
allow complete D1 protein turnover in the dark. Redox control of the D1 protein degradation i vivo is thus related to availability of 
oxidised plastoquinone which affects the access of the modified protein to the cleavage system (Gong and Ohad (1991) J. Biol. Chem. 
266, 21293-21299.) 
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I. Introduction 
The mechanism of photoinactivation f Photosystem II 
(photoinhibition) has been extensively investigated during 
the last decade (reviewed in [1-4]). It is now generally 
accepted that in vivo loss of electron transfer from the 
primary quinone acceptor RCII- Q~, to the plastoquinone 
pool precedes inactivation of charge separation in PS II. 
Abbreviations: diuron, 3-(3'4-dichlorophenyl)-l,l-dimethyl urea; F m, 
maximal fluorescence; F0, initial fluorescence; pD1, precursor of D1 
protein; PFD, photon flux density; PQ, plastoquinone; PQH2, plasto- 
quinol; PS II, Photosystem II; P680, the primary electron donor of PS II; 
RCII, reaction centre II; QA, the primary electron acceptor quinone of PS 
II; QB, the secondary electron acceptor quinone of PS II; Z ÷, Tyr161 
amino acid residue of the D1 protein acting as electron donor to P680+; 
wt, wild-type 
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Inactivation of the donor side of PS II enhances photoinac- 
tivation by generating harmful cation radicals P680 + and 
Z + following charge separation and reduction of plasto- 
quinone. Thus charge separation is considered to persist 
after both PS II acceptor and/or donor side inactivation, 
and provides the final damaging step leading to irre- 
versible loss of RCII activity [4]. 
Exposure of isolated thylakoids [1-3,5,6] or intact cells 
[1,3,4,7,8] to high light is accompanied by an accelerated 
degradation of the RCII-D1 protein subunit. The degrada- 
tion of this RCII subunit is related to the process of 
photoinactivation [1-8]. The protein may be modified by 
interaction with singlet oxygen generated via charge 
recombination and 3Chl formation [1-4,9] or by direct 
interaction with the cation radicals generated by charge 
separation i  the donor side inactivated centres [1-4,10]. 
Inactivation of the donor side of PS II in vitro can be 
achieved by destabilisation, specific removal or loss of the 
water oxidising Mn cluster in sub-membrane particles uch 
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as RCII heterodimers [10-14]. So far there is no direct 
evidence for the inactivation of the PS II donor side as a 
primary step in the process of photoinhibition i  vivo. 
However, mutants defective in their donor side activity 
exhibiting high sensitivity to light have been described 
[15-18]. Susceptibility to photoinactivation has recently 
been demonstrated in a Chlamydomonas mutant lacking 
the 23 kDa polypeptide of the water splitting complex [16] 
and in cyanobacterial mutants lacking the 33 kDa polypep- 
tide of the same complex [17] or impaired in the process- 
ing of the D1 protein [18]. Loss of the donor side activity 
promotes loss of charge separation activity with a high 
quantum efficiency, since the cation radicals P6~0 and Z ÷ 
are formed in every reaction centre after two consecutive 
photon events [10-12]. 
The present working hypothesis concerning degradation 
of RCII-DI protein induced by high light is that irre- 
versible photoinactivation f PS II precedes and is the 
trigger for the protein degradation. Irreversibly modified 
RCII-D1 is exposed to the cleavage at a site located in the 
membrane parallel loop interconnecting transmembrane 
helices IV and V of the D1 protein and close to the 
quinone QB-binding niche [19]. We have demonstrated 
before that the accessibility of the cleavage site to the 
putative proteinase in vivo is regulated by the ratio 
PQ/PQH 2 [15]. Displacement of PQ at the Q~-site by 
various herbicides which inhibit electron flow to the PQ 
pool may protect he cleavage of the D1 protein. Urea-type 
herbicides, such as diuron, have been reported to protect 
theRCII-D1 protein from light-induced degradation 
[15,20-22], while phenol-type herbicides do not ascribe a 
similar protection [23]. 
If photoinactivation is related to the degradation of the 
RCII-D1 protein, one would expect an increase in the 
protein turnover in vivo in the donor side inactivated 
mutants even in low light. Furthermore, the D1 protein in 
photoinactivated RCII is expected to be degraded also in 
the dark. Indications that D1 protein may be at least 
partially degraded after photoinactivation i  vitro have 
been reported before [6]. In this work we have used the 
donor side defective mutant Scenedesmus obliquus LF-1 
in which the precursor of the D1 protein (pD1) is not 
processed. As a result, the binding of the Mn cluster which 
is assumed to involve the carboxyl end of the D1 protein is 
impaired and water oxidation is inactivated [24,25]. The 
pD1 protein is assembled into functional reaction centres 
capable of charge separation and electron transfer to the 
acceptor side. Scenedesmus cells can synthesise chloro- 
phyll and photosynthetic membrane components when 
grown in the dark with glucose as a carbon source [24,26]. 
This property is of particular advantage, since one may 
expect o separate the process of PS II photoinactivation 
from that of the ensuing protein degradation and replace- 
ment which may proceed in the dark. Preliminary results 
have demonstrated that the D1 protein in the Scenedesmus 
LF-1 mutant in vivo is accelerated relative to that of the wt 
cells and diuron protected D1 protein from degradation 
during photoinactivation [15]. 
The results of the experiments reported here demon- 
strate that photoinactivation is considerably accelerated in
the PS II donor side defective mutant as compared to the 
wt cells. Diuron does not inhibit PS II photoinactivation. 
We find that diuron only retards but does not prevent he 
cleavage process of DI(pD1) protein after photoinactiva- 
tion of RCII. Photoinactivated RCII-DI(pD1) protein is 
irreversibly modified and can be degraded and replaced in 
the dark. 
2. Materials and methods 
2.1. Cell growth and photoinhibition experiments 
Scenedesmus obliquus wt and LF-1 mutant were grown 
in the dark at 25°C in a mineral medium supplemented 
with 5% (w/v) glucose as described before [26]. Under 
these conditions the cells synthesise chlorophyll and con- 
tain comparable amounts of thylakoids. Cells in the expo- 
nential phase of growth were harvested by centrifugation, 
washed and resuspended in fresh medium at a concentra- 
tion equivalent o 25 /zg Chl ml -a. Unless otherwise 
specified, the cell suspensions were incubated in high PFD 
(3000 /.tmol m -2 s -1) provided by 1000 W tungsten- 
halogen lamps. Light was filtered through a glass plate and 
perspex filter blocking UV light and cooled by water 
circulation. Incubation was carded out in glass cylinders 
(3.5 cm diameter) immersed in a transparent temperature 
regulated (25 ° C) water bath and the cell suspensions were 
stirred by magnetic bars [15]. Light intensity was measured 
with a Li-Cor Quantum Radiometer. When used, chlor- 
amphenicol (D-threo form, Sigma) and diuron were added 
at a final concentration of 200 /xg m1-1 and 7.5 /xM 
respectively. 
2.2. Measurements of chlorophyll f uorescence kinetics 
Variable fluorescence ((F m -F0)//F m) was assayed in 
cell suspensions (10 ~g chlorophyll m1-1) using a home 
made computer-assisted fluorimeter as described previ- 
ously [7]. The program includes ampling of a total of 640 
points covering the initial fast phase of fluorescence rise 
(20 ms, 10000 point s -1) and the following slow phase (3 
s, 150 point s-l). Light excitation provided by a projector 
equipped with a current rectifier is filtered trough a Corn- 
ing 4-96 blue filter. The photodiode measuring the emitted 
fluorescence was placed at an angle of 90 ° and is pro- 
tected by a Schott 670 cut-off ilter. The shutter (Uniblitz, 
1 s opening time) is operated by the computer and the 
apparent Fo level is measured at the time at which the 
shutter is completely open and is automatically marked in 
the computer recording. Samples were dark-adapted for 1 
min and F 0 and F m were measured before and after 
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addition of diuron, respectively. Chlorophyll extracted in 
80% acetone (v/v) was measured spectrophotometrically 
as described previously [27]. 
2.3. Isolation of thylakoid membranes and detection of PS 
H polypeptides 
Cells suspended in 50 mM Tricine-HCl buffer (pH 7.8), 
containing 5 mM MgC12 and 10 mM NaC1 were broken by 
shaking with glass beads using an ice-cooled Brown ho- 
mogeniser. Thylakoid membranes were prepared as de- 
scribed previously [15]. The membranes were resuspended 
in the same buffer as above, frozen in liquid N2, and stored 
at - 80 ° C until use. Thylakoid proteins were resolved by 
LDS-PAGE using 14% polyacrylamide mini-gels (Hoefer) 
and the buffer system as described [28]. The quality of 
electrophoretic separation was tested by staining with 
Coomassie brilliant blue R. Samples of equal amount of 
chlorophyll (2-3 /xg) were loaded on the wells of the gel. 
The Photosystem II D1, D2, CP47, and CP43 polypeptides 
were detected and quantified by immunoblotting as de- 
scribed [29,31]. Monospecific antibodies against he D2 
protein were kindly donated by R.J. Berzbom [29] and 
those against the D1 protein were prepared by overexpress- 
ing the corresponding gene in a plasmid kindly donated by 
J. Barber as described [30]. The unstained gels were 
electrotransferred to nitrocellulose paper, incubated with 
the respective monospecific antibodies and further detected 
by mSI-protein A [31] or the ECL method (Amersham) 
followed by exposure to X-ray sensitive film and densito- 
metric scanning. 
3. Results 
3.1. Photoinactivation a d light-dependent turnover olD1 
protein are accelerated in the LF-1 mutant 
About 95% of the variable fluorescence activity was 
already lost after 15 min of exposure to high light in the 
LF-1 mutant, while only about 50% was lost in the wt cells 
(Fig. 1). The initial Fv/F m value in the mutant is lower 
than that of the wt cells (0.5 as compared to 0.8). This 
lower value is due to a high initial F 0 level of the LF-1 
mutant even when grown in the dark. To test whether the 
enhanced sensitivity to light in the LF-1 mutant cells is 
related to accelerated degradation of the RCII-pD1 protein, 
the cells were exposed to various light intensities for 4 h. 
Chloramphenicol was added to part of the cell suspension 
to prevent de novo synthesis of the pD1 protein and thus 
allow to assay actual protein degradation. The residual 
amount of pD1 protein was assayed by immunoblotting. 
The results of such an experiment (Fig. 2) show a signifi- 
cant loss of pD1 in cells exposed to only 20 /zmol 
m -2 s -1 when its de novo synthesis is prevented. In the 
absence of chloramphenicol the lost protein is replaced by 
0,80 
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Fig. 1. Kinetics of PS II photoinactivation in Scenedesmus wt and LF-1 
mutant. Cell suspensions were exposed to photoinhibitory light for 2 h in 
the presence of chloramphenicol. Samples were taken at times as indi- 
cated. The initial F 0 level of the mutant was twice higher than that of the 
wt cells, while the F m levels were comparable. In the photoinhibited cells 
the F o level increased by 60% in the wt and only by 25% in mutant. The 
F m level decreased by 63% and 42% in the wt and mutant cells, 
respectively. 
rapid de novo synthesis so that loss of pD1 in the absence 
of chloramphenicol an be detected only when the cells are 
exposed to a high PFD (2000/xmol m -2 s-1) at which the 
tl/z of D1 is about 60 min [31]. No loss of the D1 protein 
was detected in the wt cells following exposure to 20 or 
400/xmol m -2 s -1 for 2 h in the absence of chloramphe- 
nicol (not shown), and degradation was detected only at 
higher light intensities as will become evident in the 
experiments described below. 
3.2. Photoinactivated RCII-DI(pD1) protein turns over in 
the dark 
It has been reported before that the process of photoin- 
activation is faster than that of the degradation and replace- 
ment of the D1 protein [1-4]. The question arises whether 
the remaining RCII-DI(pD1) protein present in photoinac- 
tivated cells is tagged for degradation and if so whether it 
can be degraded and replaced (turnover) in the absence of 
light-dependent redox-controlled reactions. To answer this 
IN9 
-~ .[~ O O 
r-o r-o 0 0 0 0 
0 ° o 0 ° o 0 + ° o  
-~  I I I 
Fig. 2. Rapid turnover of RCII-pD1 protein in Scenedesmus LF-1 mutant 
at various light intensities. Cell suspensions were incubated at PFD of 20, 
400 and 2000 p.mol m-2 S-1, respectively, for 4 h in the absence ( - )  or 
presence (+)  of chloramphenicol added to prevent pD1 protein synthesis. 
Thylakoid membranes were isolated and the pD1 protein content was 
assayed by immunoblotting. 0, initial pD1 content prior to onset of 
illumination. Note significant loss of RCII-pD1 protein even at the lowest 
light intensity. 
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Wt R2+ R2- 
TO PI R6+ R6- 
C P43 
D1 ~ ~ ~  
LF-1 R2+ R2- 
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Fig. 3. Photoinactivation of RCII is followed by rapid turnover of 
DI(pD1) protein in the dark. Mutant and wt cell suspensions were 
photoinactivated for 2 h in the presence of chloramphenicol (PI). The 
cells were then washed free of the inhibitor and were further incubated in 
the dark (recovery, R) for 2 or 6 h (R2, R6) with (+) or without ( - )  
addition of chloramphenicol. Thylakoid samples were analyzed for their 
D1, pD1 and CP43 protein content by immunoblotting. TO,Initial content 
of the proteins before onset of photoinactivation. 
question, Scenedesmus wt and LF-1 mutant cells were 
photoinactivated in the presence of chloramphenicol for 2 
h and then washed free of the inhibitor and allowed to 
recover their activity for 2 or 6 h in the dark without or 
with addition of chloramphenicol. The results of such an 
experiment are shown in Fig. 3. As expected (see Fig. 2), a 
lower amount of pD1 was present in the LF-1 mutant cells 
at the end of the high light treatment as compared to that 
in the wt cells (Fig. 3, PI). All the remaining pD1 was 
completely lost in the photoinactivated cells during the 
subsequent dark incubation in the presence of chloramphe- 
nicol. Significant loss of the remaining D1 protein oc- 
curred under similar conditions also in the wt cells. In the 
absence of chloramphenicol, new synthesis of DI(pD1) in 
the dark resulted in recovery of the protein level in both 
mutant and wt cells (Fig. 3). These results demonstrate hat 
the remaining D1 or pD1 protein in the photoinactivated 
RCII is irreversibly modified and accessible to degradation 
and can be synthesised in the absence of light controlled 
reactions. The turnover induced in the dark by a preceding 
photoinhibitory treatment appears to be specific for the 
RCII-D1 protein as exemplified by the fact that the PS II 
core subunit, CP43, did not turnover under the same 
experimental conditions (Fig. 3). 
Although the degraded DI(pD1) protein could be re- 
placed in the dark after photoinactivation, variable fluores- 
cence activity was not restored effectively in the dark, 
mostly due to lack of increase in the fluorescence yield, 
while F 0 did not decrease significantly. Complete recovery 
from photoinhibition i  the wt cells required light. Only 
about 20% of the variable fluorescence was recovered in 
both wt and mutant after the cells were incubated for 6 h 
in the dark in the absence of chloramphenicol (data not 
shown). The effect of light during recovery of activity was 
not tested in the LF-1 mutant, since these cells are photoin- 
activated even at low light intensity. 
3.3. Diuron does not prevent photoinactivation a d irre- 
versible modification of Dl(pD1) protein although it pro- 
tects the protein against degradation 
It has been reported before that the occupancy of the 
QB-quinone binding site of RCII by plastoquinone r gu- 
lates the process of D1 degradation [15,21]. To test whether 
inhibition of electron flow via the QB-site may protect 
RCII from irreversible photoinactivation i  a donor-side 
deficient PS II in vivo, wt and LF-1 mutant cells were 
exposed to photoinhibitory light in the presence of diuron 
for 2 h. The results of this experiment are shown in Fig. 4. 
Variable fluorescence was almost completely lost in the 
LF-1 mutant, while about 25% residual variable fluores- 
cence could be still detected in the wt cells (Fig. 4A). 
Addition of chloramphenicol accelerated to a limited ex- 
tent the photoinactivation f the wt cells by preventing 
replacement of the degraded D1 protein. However, addi- 
tion of chloramphenicol did not increase the rate of pho- 
toinactivation in the LF-1 cells. This is expected, since 
photoinactivation in the mutant is considerably faster than 
that in the wt cells and thus pD1 protein replacement is not 
the limiting factor in recovery of activity (Fig. 4A). 
Photoinactivation i the absence of diuron is charac- 
terised by a decrease in F m and an increase in F 0 (Fig. 1; 
Refs. [15,32]). However, photoinactivation in the presence 
of diuron was characterised by a drastic increase in F 0 
while F m remained rather stable (data not shown). 
The pattern of fluorescence induction in the wt cells 
photoinactivated in the presence of diuron was reminiscent 
of that of the dark grown LF-1 cells in which onset of light 
excitation induces an initial fluorescence raise followed by 
a fast lowering of the signal intensity. Addition of diuron 
to the control mutant cells caused an increase in fluores- 
cence to the F m level as electron flow is blocked at the 
QA-site (Fig. 4B). This fluorescence induction pattern was 
previously interpreted as a sign of limitation in the electron 
donation from the donor side when the RCII centres are 
open and was considered to be diagnostic for the donor 
side inactivation in the LF-1 mutant [33]. However, even 
further addition of diuron to the Scenedesmus wt or mu- 
tant cells photoinactivated in the presence of diuron did 
not increase the fluorescence emission but rather quenched 
it slightly without changing the  shape of the induction 
curve as the final concentration of diuron rose to 15 /xM 
(Fig. 4B). It is thus possible that exposure of the wt cells 
to high light in the presence of diuron induced inactivation 
of the PS II-donor side as well as a loss of the diuron 
effect at the RCII-Q~ site. This could be in agreement with 
the loss of the protective effect of diuron against the 
degradation of the D1 protein (see below). 
Since both wt and the LF-1 mutant cells could be 
photoinactivated in the presence of diuron, the question 
arises as to what is the fate of the RCII-DI(pD1) protein 
under these conditions. Cells photoinhibited for 2 h in the 
presence of diuron were washed free of the inhibitor and 
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were further incubated in the dark for 2 or 6 h. All 
incubations were performed in the presence of chlor- 
amphenicol to prevent de novo synthesis of chloroplast 
encoded proteins. The remaining amount of DI(pD1) pro- 
tein was assayed by immunoblotting (Fig. 5A). Almost no 
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Fig. 4. Kinetics of PS II photoinactivation n the presence of diuron. (A) 
Cell suspensions were photoinactivated in the presence of dinron with 
(+)  or without ( - )  addition of chloramphenicol (CAP). Samples were 
taken at times as indicated for measurements of variable fluorescence. (B) 
Traces of the fluorescence induction pattern of control cells (TO) and ceils 
photoinactivated for 2 h in the presence of chloramphenicol (PI) as above. 
Since dinron could be altered during incubation in the cell suspension 
exposed to high light, fluorescence induction was measured without ( - )  
or with further addition ( + ) of 7.5/zM diuron. F 0 is recorded at the time 
point of complete opening of the light shutter (arrow). The values of F m 
at T O were 1394 mV and 1376 mV, and those of F o 317 mV and 645 
mV for the wt and LF - 1 cells, respectively. 
A Wt LF-1 
TO PI R2 R6 TO PI R2 R6 
47 
43 
D1 
D2 
B 
D1 
_ _ m  ~ . . . . . . .  IIII II . . . . .  - ....... 
Wt LF-1 
TO D R6 TO D 
PD1 
R6 
PD1 
Fig. 5. Degradation of RCII-DI(pD1) protein in the dark in cells photoin- 
activated in the presence of diuron. (A) wt and mutant cell suspensions 
were photoinactivated in the presence of diuron for 2 h (PI). The cells 
were then washed free of diuron and were further incubated in the dark 
for 2 or 6 h (recovery conditions, R2, R6). Chloramphenicol was added 
during all incubations to prevent synthesis of chloroplast ranslated 
polypeptides; the thylakoid content of CP47, CP43, D1, pD1 and D2 
proteins was assayed by immunoblotting. (B) The cells were not photoin- 
activated but incubated in the dark (D) in the presence of diuron for 2 h 
before removal of the inhibitor and further incubation i  the dark for 6 h 
as above (R6). Note that the pD1 protein electrophoretic mobility is 
compatible with its higher molecular mass by about 2 kDa as compared 
with that of Dlprotein. 
loss of D1 protein occurred in wt cells and about 30% of 
the pD1 protein was degraded in the LF-1 mutant during 
the process of photoinactivation. However, significant 
degradation of the D1 protein occurred in the wt cells 
during the following incubation for 6 h in the dark. After 6 
h of dark incubation only about 20% of D1 protein re- 
mained in the photoinactivated wt cells, while almost 
complete degradation of pD1 protein occurred in the pho- 
toinactivated LF-1 mutant incubated in the dark (Fig. 5A). 
As a control, cells were incubated for 2 h in the presence 
of diuron in the dark instead of high light. In this case the 
DI(pD1) protein was not degraded after the cells were 
washed free of diuron and incubated in the dark for 6 h 
(Fig. 5B). 
The RCII-D2 protein subunit was rather stable during 
photoinactivation. However, significant degradation of the 
D2 protein was evident in photoinactivated LF-1 mutant 
during the incubation in the dark for 6 h (Fig. 5A). The 
CP43 and CP47 proteins were stable during both photoin- 
activation and subsequent dark incubation, indicating that 
the degradation process is specific for the RCII protein 
subunits (Fig. 5A). 
3.4. The protective ffect of diuron against RCII-DI(pD1) 
degradation is progressively ost 
The results o far presented clearly indicate that diuron 
does not prevent irreversible photoinactivation f PS II. 
186 
Wt 
TO PI+ R- R+ 
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LF - ]  effect of diuron against he specific degradation of RCII- 
subunit proteins is gradually lost following photoinactiva- 
TO P]+ R- R+ tion. 
Fig. 6. Diuron does not prevent the degradation f photoinactivated 
RCII-DI(pD1) in the dark. Cell suspensions were photoinactivated in the 
presence ofdiuron for 2 h (PI +), then washed and further incubated in 
the dark for 6 h with (R+) or without (R-) addition of diuron. 
Chloramphenicol was added uring all incubations. TO, DI(pD1) protein 
content prior to onset of photoinactivation. 
The protective ffect of diuron against degradation of the 
RCII-DI(pD1) and RCII-D2 protein subunits could be 
explained by changes in the conformation of acceptor side 
of RCII induced by binding of diuron at the QB-binding 
site. Such changes may prevent he access of the putative 
proteinase to the cleavage site of RCII-D1 protein [15,23]. 
However, significant degradation of the pD1 protein oc- 
curred even in the presence of diuron in the LF-1 mutant 
exposed to high light for 2 h (Fig. 5A). As shown above, 
the mutant is photoinactivated faster as compared to the wt 
cells (Figs. 1 and 4). Thus it is possible that the process of 
photoinactivation induces a series of changes preceding the 
degradation of the protein including alteration of the ac- 
ceptor site of RCII, so as to abolish the protective ffect of 
diuron against' he protein degradation. 
To test this possibility, wt and LF-1 mutant cells were 
photoinactivated for 2 h under the same experimental 
conditions as in Fig. 5. The cells were then washed free of 
diuron and further incubated for 6 h in the dark without or 
with addition of diuron. Assay of the remaining amount of 
RCII-DI(pD1) protein at the end of the dark incubation 
(Fig. 6) demonstrated that the presence of diuron in the 
dark did not prevent he degradation of the protein in the 
photoinactivated cells (compare with Fig. 5). Degradation 
of the RCII-D1 protein exposed to high light in the pres- 
ence of diuron could be detected after 3 h of photoinactiva- 
tion in the wt cells and already after 2 h in the LF-1 
mutant (Fig. 7). No degradation of the CP43 protein was 
detected under these experimental conditions. Based on 
these results as well as on the measurements of fluores- 
cence kinetics (Fig. 4B), we conclude that the protective 
TO 1+ 2+ 3+ 2- TO 1+ 2+ 3+ 2- 
CP43 
D1 PD1 
Wt LF-1 
Fig. 7. The protective effect of diuron against RCII-DI(pD1) degradation 
is gradually ost with increasing photoinactivation. Mutant and wt cell 
suspensions were photoinactivated in the presence of chloramphenicol for 
times as indicated in the presence (+) or absence ( - )  of diuron. 
Thylakoids were isolated and the content of DI(pD1) and CP43 proteins 
was assayed by immunoblotting. TO,protein content before onset of 
illumination. 
4. Discussion 
The results presented in this work demonstrate that 
mutants impaired in the donor side activity of Photosystem 
II are more susceptible to photoinactivation a d light-in- 
duced D1 protein degradation than wt cells. The fast 
photoinactivation bserved in the PS II donor side im- 
paired mutant is in agreement with the previously pro- 
posed schemes based on the study of photoinactivation f 
isolated thylakoids or subthylakoid fractions lacking PS II 
donor side activity [1-4,11-13]. 
The question of whether photoinactivation f PS II and 
the light-induced RCII-D1 protein degradation i vivo are 
cause-effect related has not yet been settled. Since photoin- 
activation of cells exposed to high light intensities pro- 
ceeds faster than the degradation of the D1 protein as 
shown before in Chlamydomonas [31] and in this work, 
one could argue that the two phenomena are not necessar- 
ily related. This possibility is to be considered, since D1 
protein degradation occurs also at low light intensities 
which do not induce PS II photoinactivation [4,34,35]. The 
experimental results presented here demonstrate hat pho- 
toinactivation i vivo results in an irreversible modifica- 
tion of the RCII-D1 protein which is thus tagged or 
triggered for degradation. The cleavage may be retarded by 
binding of ligands at the QB-site, which may affect the 
accessibility of the site to the putative proteinase as pro- 
posed previously [15,19,23]. 
The question arises whether the mechanisms proposed 
on the basis of in vitro experiments are applicable in vivo. 
Partial degradation of D1 protein in the dark in isolated 
spinach thylakoids preexposed to high light at low temper- 
ature has been previously reported [6]. In this respect the in 
vivo results presented here are compatible with those 
obtained in vitro. Similar conclusions have been reached 
recently using Chlamydomonas mutants impaired in 
plastoquinol xidation [36]. 
It has been proposed previously that diuron bound at the 
QB-site of RCII may protect the reaction centre from 
photoinactivation in Cl-depleted thylakoids in which the 
water oxidising complex is blocked at the $2, 3 state. 
Charge recombination between reduced pheophytin 
(Pheo-) and P680 ÷ may prevail in the donor defective 
RCII in the closed state when QA is reduced and thus 
prevent damage by oxidising cation radicals [10]. How- 
ever, the results presented in this work indicate that diuron 
does not prevent he photoinactivation f RCII in both wt 
and the LF-1 mutant in vivo. Similar results previously 
reported by Kirilovsky et al. have been obtained with 
spinach thylakoids [37] and by Komenda et al. with a 
thermophilic yanobacterium [38]. In the spinach th- 
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ylakoids diuron prevented an increase in F 0 level during 
photoinactivation, and loss of variable fluorescence was 
ascribed mostly to loss of fluorescence yield [37], while in 
the Scenedesmus cells photoinactivated in the presence of 
diuron F 0 increased considerably but F m did not change 
significantly, indicating that in vivo diuron accelerates the 
formation of the stable reduced QA form. Presently we 
have no explanation for this difference between the two 
different systems. 
The protective ffect of diuron against DI(pD1) protein 
degradation was of a limited duration in the cells exposed 
to continuous illumination. The fact that the time span 
during which diuron may protect DI(pD1) from degrada- 
tion is related to the rate of photoinactivation may indicate 
that the irreversibly modified RCII-DI(pD1) may lose the 
binding affinity for the herbicide and thus become accessi- 
ble to the cleavage system. Whether the modification 
leading to degradation affects diuron binding at the QB-site 
or results in exposing the cleavage site of the D1 protein to 
proteolysis without change in the diuron binding affinity 
remains to be established. However, it is evident hat the 
protection against light-induced degradation of the protein 
by diuron or triazine-type herbicides [15,20,21,23] may not 
be considered as proof for the intactness of the RCII-D1 
protein. 
We have previously reported that part of the PS II core 
remains assembled uring the process of D1 turnover and 
may serve as an acceptor for the newly synthesised pD1 
protein which is processed after integration i  RCII [39]. 
The fact that content of RCII-DI(pD1) during turnover in 
the light or dark is maintained at the initial and constant 
level indicates toichiometric replacement of the degraded 
protein in both conditions. This as well as the persistence 
of the PS II core proteins CP43 and CP47 during the 
degradation of DI(pD1) protein in the dark are compatible 
with our previous proposal that the remaining components 
of RCII may serve as an acceptor, stabilising the newly- 
synthesised pD1 protein during integration and reactivation 
of RCII and thus regulating the amount of stable new 
DI(pD1) [39]. 
The light-driven redox control reactions including 
light-dependent protein phosphorylation have been impli- 
cated in the modification of the D1 protein [40,41] and in 
the regulation of D1 protein degradation. The fact that in 
Scenedesmus the irreversibly modified RCII-DI(pD1) is 
completely degraded and replaced in vivo in the dark as 
shown in this work indicates that light dependent redox 
control is not involved in the actual degradation and 
replacement process in this case. However, light-dependent 
reactions may be needed for the activation of the reassem- 
bled reaction centres. Despite complete replacement of the 
degraded D1 protein in the dark, recovery of activity was 
only partial. Previous reports have shown that light pro- 
motes recovery of activity after photoinactivation [42,43]. 
Light is not required for the biogenesis of active RCII 
during growth of Scenedesmus cells in the dark. Thus it is 
possible that the process of activation of RCII assembled 
from preexisting components and newly synthesised ones 
may involve light-regulated steps which remain to be 
identified. Binding of Mn during in vitro reactivation 
process of PS II, which is known to be light- dependent 
[44], cannot be the only reason for the light requirement, 
since the LF-1 mutant does not contain an active water- 
splitting complex. 
The integration of pD1 together with the preexisting 
subunits into a reassembled RCII may require de novo 
binding of pigments and ligands to form the organised 
functional pigment and electron carriers array of the com- 
plex. We do not have yet any evidence for or against he 
possibility that de novo chlorophyll synthesis required in 
this process. Chlorophyll needed for the reassembly of 
RCII during turnover of DI(pD1) protein in the dark can 
be synthesised in Scenedesmus cells. However, one can 
also consider that pre-existing chlorophyll which persists 
during the process of turnover may be used as well. 
Indeed, such a situation is found in the y-1 Chlamy- 
domonas mutant which cannot synthesise chlorophyll in 
the dark. However, photoinactivated RCII-D1 turns over in 
the dark to a limited extent in Chlamydomonas in a way 
similar to that which we found in the wt Scenedesmus 
cells [36]. 
The extent of RCII-DI(pD1) protein degradation i the 
dark is proportional to the degree of preceding photoinacti- 
vation. Thus the change(s) induced by the process of 
photoinactivation persists in the dark for several hours. 
This conclusion is of basic importance in the interpreta- 
tion of data presented here, as well as in the evaluation of 
hypotheses implying different mechanisms for the light-de- 
pendent redox control of the D1 turnover process. 
The nature of the irreversible modification of RCII- 
DI(pD1) is not yet known. We have proposed before that a 
covalent modification of the D1 protein may be involved 
in its tagging for degradation [1]. The possibility of a 
stable conformational change induced by photoinactivation 
has been considered as well [3]. The Scenedesmus wt and 
LF-1 mutant represent a suitable experimental system for 
the investigation of the fate of RCII polypeptides follow- 
ing degradation of the D1 protein, as well as that of 
reassembly and reactivation of RCII in the dark. 
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